Previous labeling studies of abscisic acid (ABA) with 1802 have been mainly conducted with water-stressed leaves. In this study, 180 incorporation into ABA of stressed leaves of various species was compared with 18O labeling of ABA of turgid leaves and of fruit tissue in different stages of ripening. In stressed leaves of all six species investigated, avocado (Persea americana), barley (Hordeum vulgare), bean (Phaseolus vulgaris), cocklebur (Xanthium strumarium), spinach (Spinacia oleracea), and tobacco (Nicotiana tabacum), 180 was most abundant in the carboxyl group, whereas incorporation of a second and third 180 in the oxygen atoms on the ring of ABA was much less prominent after 24 h in 1802. ABA from turgid bean leaves showed significant 180 incorporation, again with highest 180 enrichment in the carboxyl group. The "80-labeling pattern of ABA from unripe avocado mesocarp was similar to that of stressed leaves, but in ripe fruits there was, besides high 180 enrichment in the carboxyl group, also much additional 18Q incorporation in the ring. In ripening apple fruit tissue (Malus domestica), singly labeled ABA was most abundant with more 180 incorporated in the tertiary hydroxyl group than in the carboxyl group of ABA. Smaller quantities of this monolabeled product (C-1'-180H) were also detected in the stressed leaves of barley, bean, and tobacco, and in avocado fruits. It is postulated that a large precursor molecule yields an aldehyde cleavage product that is, in some tissues, rapidly converted to ABA with retention of 180 in the carboxyl group, whereas in ripening fruits and in the stressed leaves of some species the biosynthesis of ABA occurs at a slower rate, allowing this intermediate to exchange 180 with water. On the basis of 180-labeling patterns observed in ABA from different tissues it is concluded that, despite variations in precursor pool sizes and intermediate turnover rates, there is a universal pathway of ABA biosynthesis in higher plants which involves cleavage of a larger precursor molecule, presumably an oxygenated carotenoid. carboxyl group, while smaller amounts of 180 are incorporated over extended periods in the ring oxygens of ABA. The fourth oxygen atom, in the carboxyl group, is derived from water (3). These results were interpreted to indicate that stressinduced ABA is derived from a large precursor pool which already contains two of the four oxygens present in ABA. As the primary precursor is depleted over time, other precursors containing fewer oxygen atoms feed into the pathway. The high degree of isotope enrichment in the carboxyl group suggests oxidative cleavage of a larger molecule, probably yielding an aldehyde. This intermediate would be further oxidized by a dehydrogenase and incorporate an oxygen atom from water into the carboxyl group of ABA. This idea is supported by the recent finding that ABA-aldehyde is the likely immediate precursor of ABA in higher plants (16, 17) .
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The objective of the present studies was to compare the biosynthesis of ABA that was either stress-induced or developmentally regulated. For this purpose, 80 labeling experiments were performed with different systems, such as turgid and water-stressed leaves, and ripening fruits. In the latter case, ABA production is developmentally regulated. In the mesocarp of ripening avocado fruits large increases in ABA levels have been reported ( 1, 10) .
With the recent interpretation of the fragmentation pattern of Me-ABA obtained by NCI-MS2 (11) , 180 atoms can be readily assigned to the ring or side chain of Me-ABA. This technique, as well as NCI MS-MS, were used to quantitatively determine isotopic enrichment at the various positions of 80-labeled Me-ABA from different tissues. These experiments demonstrated that although different labeling patterns were obtained in different species and plant parts, the results could all be interpreted in terms of a single biosynthetic pathway.
A preliminary account of some of this work has been presented earlier (20) .
In earlier work (3) , it was shown that in stressed cocklebur leaves three of the four oxygen atoms of ABA are derived from molecular oxygen. It was determined by 180 labeling experiments that one 180 atom is rapidly incorporated in the 
MATERIALS AND METHODS Plant Material
Cocklebur (Xanthium strumarium L. Chicago strain) and tobacco (Nicotiana tabacum L. cv Kentucky No. 14) were grown in a greenhouse as before (19) . The youngest fully expanded leaves without midribs were used for wilting experiments.
Barley (Hordeum vulgare L. cv Robusta) and bean (Phaseolus vulgaris L. cv Stringless Black Valentine) were grown in a growth chamber under the conditions described (21) . The first leaves of barley seedlings and the primary leaves of bean were used for stress experiments when the leaves were fully expanded.
Avocado (Persea americana Mill.) seedlings were grown from seeds of the cv Booth 7 that had been open pollinated. The seedlings were grown in a growth chamber under the same conditions as barley and bean seedlings.
Spinach (Spinacia oleracea L. cv Savoy Hybrid 612) was exposed to 8 LD under the same conditions as described (18) . Fully expanded leaves were used for wilting experiments.
For stress experiments, leaves were wilted until they had lost 12 to 15% of their fresh weight. Tobacco leaves were more resistant to wilting and lost only 9.5% of their fresh weight. Stressed leaves were incubated for 6, 12, and 24 h in an atmosphere of 80% N2 and 20% 1802 as before (3) . In experiments with turgid material, the leaves were detached, briefly submerged in distilled water, and then placed in darkness in 80% N2 and 20% 1802 with their petioles in distilled water. During the incubations, 02 content was monitored as before and replenished when necessary (3 For labeling experiments with 1802, slices or cylinders of mesocarp from the equator of a single avocado fruit were incubated as described for stressed leaves. Apple fruits were peeled and slices ofthe cortical tissue were used for incubation in 1802. In initial experiments 5 uL/L ethylene was added to incubated tissues to hasten ripening, but this was discontinued when it was found that incubated fruit slices of both apple and avocado produced ethylene at high rates. Measurement of ethylene was as described (6) .
Extraction and Purification of ABA, PA, and DPA ABA, and in turgid bean leaf samples also PA and DPA, was extracted with acetone as described (2) 
RESULTS

Incorporation of *80 into Abscisic Acid in Stressed Leaves
After incubation of stressed cocklebur leaves in 1802, the majority of ABA was labeled with one 180 atom which was located in the carboxyl group. This conclusion was based on a combination of NCI-and El-MS (3). It is now possible to locate 180 atoms in Me-ABA solely on the basis of NCI spectra (11) . Unlabeled Me-ABA gives an NCI spectrum with few fragment ions present (Fig. IA) . The M-is the base peak at m/z 278. The following features of the NCI spectrum are important for assignment of incorporated 180 atoms to various positions of the Me-ABA molecule. Loss of water from the tertiary hydroxyl group gives rise to the ion at m/z 260, and subsequent loss of one of the C-6' methyl groups, or loss of methanol from the [M-H]-ion, yields m/z 245; the latter ion also involves loss of the 1'-hydroxyl group. Another fragment at m/z 152 contains the ring of Me-ABA with both 0 atoms, whereas m/z 141 contains the side chain with the two carboxyl oxygen atoms (11) . As observed previously (3), in the spectrum of Me-ABA isolated from stressed cocklebur leaves that had been incubated in 1802, the majority of M-was shifted from m/z 278 to 280 (Fig. 1 B) . The shift of m/z 141 to 143 indicates that the first 180 atom incorporated was located in the side chain, i.e. in the carboxyl group. This is further supported by the presence of ions at m/z 247 and 262 rather than at m/z 245 and 260, respectively.
The 180 labeling pattern of Me-ABA isolated from stressed cocklebur leaves was compared with the labeling pattern of ABA in stressed leaves of five other species. After incubation in 1802 for 6 h, the base peak had shifted from m/z 278 to 280 in Me-ABA from each species, indicating incorporation of a single 180 atom in the carboxyl group (data not shown). With longer incubations, the abundance of m/z 282 and 284 (two and three 180 atoms incorporated, respectively) gradually increased. As shown in Table I , the '80 enrichment was very similar for all species after a 24-h labeling period, except that in barley and bean leaves a higher percentage of ABA molecules contained two 180 atoms (Fig. IC) .
Incorporation of 180 into Abscisic Acid in Turgid Leaves
In earlier experiments, very little incorporation of 180 into ABA was found in turgid cocklebur leaves (3) . However, in Booth 7 after the 7-d storage period at 10°C (Table III) . In some samples, the base peak was shifted from m/z 278 to 282 (Fig. 2B) (Table IV) . In this experiment, ethylene production was negligible at day 2, then started to increase and reached its maximum at 121 nL/ g fresh weight/h at 5 d, and then declined, whereas ABA continued to increase throughout the experimental period. Thus, in agreement with previous work (1), the rise in ABA content followed an increase in the rate of ethylene production. The mesocarp which was initially hard had become soft by the fifth day. It should be noted that the ABA content approximately doubled after the fifth day (Table IV) , although the fruit appeared fully ripe. A similar pattern of 180 incorporation has also been observed in fruits ofthe cv Harris (data not shown).
Incorporation of 180 into Abscisic Acid in Apple Fruits
The ABA content of apple fruit tissue was three orders of magnitude lower than that of avocado mesocarp, and did not significantly increase during the 1802 labeling period (Table  V) . Thus, increasing incorporation of 180 into ABA with time was mainly due to turnover of ABA. The NCI spectrum of Me-ABA isolated from apple fruit tissue incubated in "802 ( (Table I) , the daughter ions were m/z 143, 152, 247, and 262 (Fig. 3A) , confirming that the first 180 was incorporated into the carboxyl group of ABA. However, in the case of ABA from barley, bean, and tobacco leaves, up to 2% of the single 180 incorporated was present in the tertiary hydroxyl group. In the other species of Table I this was less than 0.5%.
In contrast, MS-MS of m/z 280 of Me-ABA from avocado fruits gave varying results which turned out to be related to the ripening stage at which mesocarp was incubated in 1802 (Table IV) . In unripe fruits, the pattern was the same as in Me-ABA from stressed leaves, i.e. the first 180 atom was essentially all in the carboxyl group. However, as the fruit ripened, there was an increasing percentage of the first '80 atom located in the tertiary hydroxyl group, with good agreement between the percentages present as m/z 141 and m/z 154 (Table IV) .
MS-MS of m/z 280 of '80-labeled ABA from apple fruit indicated that a high percentage of 180 was in the tertiary hydroxyl group and only a small amount in the carboxyl group. This is evident when comparing the relative abundances at m/z 141 and 260 with m/z 143 and 262 ( Fig. 3C ; Table V leaves (Table I ) gave ions at m/z 143, 154, 247, and 262, indicating that the second 180 atom was in the tertiary hydroxyl group. Unexpectedly, these spectra showed that a second molecular species of doubly labeled Me-ABA was present. There were two low abundance ions at m/z 145 and at m/z 152, indicating incorporation of the two 180 atoms into the carboxyl group alone. This amounted to 12% of the total ions at m/z 143 and 145 in the case of stressed avocado and barley leaves, and 5% or less in ABA from the other species in Table I . The abundance of m/z 145 always corresponded with that of m/z 152, thus confirming that some of the doubly labeled ABA molecules (with two 180 atoms in the carboxyl group) lacked 180 in the ring. The presence of two 180 atoms in the carboxyl group of Me-ABA derived from molecular oxygen is surprising, since it was demonstrated in earlier work with stressed cocklebur leaves that the second 180 atom in the carboxyl group is derived from water (3) . There is at present no explanation for this small, but significant incorporation of two 180 atoms from 802 into the carboxyl group. Since m/z 282 was much less abundant than m/z 280 in ABA from stressed leaves (Table I) , and only a small fraction yielded the ion at m/z 145, this fragment was less than 0.5% of the base peak in NCI spectra and was, therefore, not observed in these spectra.
MS-MS ofthe parent at m/z 282 in Me-ABA from avocado mesocarp gave predominantly daughter ions at m/z 143, 154, 247, and 262, indicating one 180 atom in the carboxyl group and the second one in the tertiary hydroxyl. Approximately 1.5% ofthe doubly labeled Me-ABA contained two 180 atoms in the carboxyl (see above) in unripe fruits, and 0.2% or less in ripe fruits. In some Me-ABA samples from avocado mesocarp m/z 284 was abundant (Fig. 2B) . MS-MS of this ion yielded daughter ions at m/z 143, 156, 249, and 264, confirming the presence of two 180 atoms in the ring and one in the carboxyl group.
DISCUSSION
Comparison of 180 incorporation into ABA in waterstressed leaves of a number of different species showed that in each case most 180 was incorporated into the carboxyl group with much less go enrichment in the oxygen atoms on the ring. In both barley and bean leaves, 180 enrichment in the tertiary hydroxyl group was greater than in ABA from other species. This may be due to a smaller primary precursor pool in barley and bean leaves than in leaves ofthe other four species.
Water-stressed roots of cocklebur incorporate two 180 atoms into ABA in high abundance (3) . Analysis by MS-MS of a sample of 180-labeled ABA from stressed cocklebur roots indicated that the first 180 atom was exclusively in the carboxyl group, and the second one in the tertiary hydroxyl group (TG Heath, JAD Zeevaart, unpublished observations). Thus, the 180 labeling pattern ofABA from stressed cocklebur roots was identical to that of ABA from stressed leaves.
Significant incorporation of 180 into ABA in turgid leaves was only observed in the case of bean (Table II) . Apparently, the turnover of ABA is much faster in bean than in cocklebur leaves. A similar difference between these two species was also observed when leaves were stressed for 5 h, then rehydrated for 1 h, followed by incubation in 1802 for 6 h. After recovery from stress for 1 h, the ABA content was rapidly decreasing (13, 19) . In the case of cocklebur, no 180 incorporation was observed, whereas in bean leaves significant enrichment was found with the relative abundances of m/z 278, 280, 282, and 284 at 100, 53, 34, and 5, respectively. During the labeling period the ABA content of the bean leaves decreased from 12.4 to 0.2 gg ABA/g dry weight. Thus, while ABA levels were decreasing rapidly in these bean leaves, synthesis of ABA was still taking place. In unripe avocado fruits, the pattern of 180 incorporation was very similar to that in stressed leaves. However, as the fruit ripened, quite different 180 incorporation patterns were observed (Fig. 2, A and B ). It appears that the increased incorporation of 180 on the ring of ABA can best be interpreted by assuming that the primary precursor (a carotenoid with both ring oxygens incorporated prior to the labeling period) pool had been depleted, while the enzymes for ABA biosynthesis were still active.
With the application of MS-MS techniques, one major difference in the '8O-labeling patterns observed in this study was the significant amount of Me-ABA labeled only in the tertiary hydroxyl group, i.e. singly labeled Me-ABA lacking the expected 180 atom in the carboxyl group. Although the amount found of this molecular species was not detectable in stressed cocklebur and avocado leaves (Fig. 3A) , and in unripe avocado fruits, it was present in small amounts in stressed barley, bean, and tobacco leaves. In ripe avocado fruits, on the other hand, tertiary hydroxyl labeled Me-ABA was a significant component of the monolabeled material (Fig. 3B) . At the other extreme, singly labeled Me-ABA from apple fruits (in three out of four samples) contained more 180 in the tertiary hydroxyl than in the carboxyl group ( Fig. 3C ; Table V A more likely explanation is that the initial cleavage product, or some other aldehyde intermediate, is in some tissues relatively slowly converted to ABA, thus allowing 180 in the aldehyde group to exchange with 160 of water (7, 15) in the intracellular environment and thus be lost (the product could not be distinguished from unlabeled ABA). In tissues containing little or no tertiary hydroxyl monolabeled ABA, further oxidation of the cleavage product would be rapid, or occur in an environment that precludes 180 exchange. Thus, in this case there would always be a very tight coupling between incorporation of '8 into the initial cleavage product and its subsequent conversion to a carboxylic acid with retention of 80. In avocado fruits, there is apparently a gradual uncoupling as the fruit ripens, whereas in apple fruits at the ripening stage used in our experiments, most 180 incorporated in the side chain of the cleavage product would be lost through exchange, because of slow conversion of the aldehyde intermediate. This implies that monolabeled Me-ABA containing 180 in the C-l' hydroxyl group (m/z 280) actually represents doubly labeled Me-ABA that has lost the aldehyde label prior to conversion to carboxylic acid. Evidence supporting 180 loss from an intermediate prior to conversion to a carboxylic acid has been obtained with apple fruit tissue in which ABAaldehyde showed an 180 labeling pattern similar to that of ABA (14) .
If the aberrant 180 labeling patterns in ripening fruits are indeed due to exchange of 180 from an intermediate in the pathway, then the 180-labeling is basically the same in all higher plant systems studied so far; stressed leaves and roots (3), stressed etiolated bean leaves (8) , turgid leaves, maize embryos (5), and fruits. These results strongly suggest, therefore, that there is only one pathway for ABA biosynthesis in higher plants, although the regulation of ABA biosynthesis is undoubtedly different in the various tissues. A prediction following from this interpretation is that in tissues producing tertiary hydroxyl monolabeled ABA, the long residence time of the aldehyde intermediate may allow sufficient quantities of the aldehyde intermediate to be isolated for identification. Finally, it should be noted that all the tissues used in this study contain carotenoids, so that the dictum 'ABA biosynthesis only in the presence of carotenoids' still holds (22) . By contrast, in fungi ABA is synthesized via ionylidene intermediates (12, 22) .
